Aim: Increased levels of asymmetric dimethylarginine (ADMA), an endogenous inhibitor of nitric oxide synthase, have been observed in patients with cardiovascular risk factors and atherosclerosis and in patients with a history of stroke. The role of ADMA and its analogue symmetric dimethylarginine (SDMA) in acute ischemic stroke is yet unclear. We hypothesized that plasma dimethylarginine levels increase in the hyper-acute phase after ischemic stroke and that their time course is related to stroke outcome. Methods: Plasma dimethylarginines ADMA and SDMA and L-arginine levels were measured in 67 patients at 6, 12, 24 hours, as well as 3 and 7 days after stroke onset using high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS-MS). Data were compared to control data from 32 age-adjusted healthy volunteers. Clinical outcome was assessed using the modified Rankin Scale (mRS) at 90 days after stroke. Results: At baseline, plasma ADMA levels were higher in stroke patients than in controls, whereas plasma SDMA and L-arginine levels did not differ from control subjects. The time courses of ADMA and SDMA were related to the clinical outcome. Binary logistic regression analysis showed that ADMA levels of ≥ 0.566 mol/L at day 3, ≥ 0.530 mol/L at day 7 and SDMA levels of ≥ 0.59 mol/L at 24 hours predicted an unfavorable clinical outcome. Conclusions: An increase of both ADMA and SDMA plasma levels within the first 72 hours after the onset of ischemic stroke predicts a poor outcome. J Atheroscler Thromb, 2011; 18:753-761.
(ADMA), an endogenous inhibitor of nitric oxide synthase (NOS), are associated with the atherosclerotic burden and increase progressively with the number of stroke risk factors 1) . Increased plasma levels have been observed in patients with hypertension 1, 2) , hyperlipidemia 1, 3) , hyperhomocysteinemia 4) , diabetes 5) and in subjects with a history of stroke 8) . Currently, ADMA is considered to be not only a marker but also a mediator of oxidative stress via the inhibition and uncoupling of NOS 9) . Oxidative stress induces the expression of inflammatory genes and thereby enhances atherosclerotic processes 10, 11) . Recently, ADMA levels have been shown to be decreased in patients in the chronic stage after ischemic stroke at least 3 months after the event when treated with statins in comparison to the non-statintreated group 12) . In another study, treatment with statins resulted in a significant reduction of markers of oxidative stress 13) . The structural isomer of ADMA, SDMA, has no effect on nitric oxide synthesis but is also related to cardiovascular events 14) . SDMA has also been shown to be an independent predictor of overall mortality after acute stroke 15) . To the best of our knowledge there has been no report on the relationship between dimethylarginine, i.e. ADMA and SDMA plasma levels during the hyper-acute phase of ischemic stroke, and functional outcome. Dimethylarginine data for the first hours after stroke onset are available only from a study where ADMA levels in the cerebrospinal fluid (CSF), not in the plasma, were directly related to stroke severity on admission and stroke outcome at 90 days after stroke 16) . In the present study we serially analyzed the dimethylarginine plasma concentration after acute ischemic stroke to elucidate its release over time and its possible relation to stroke outcome. We also investigated L-arginine, the substrate for nitric oxide synthase.
Materials and Methods

Study Population
Between January 2007 and January 2009, 67 patients with ischemic stroke were prospectively included in this study within 6 hours of symptom onset. Ischemic stroke was defined as an acute focal neurological deficit with cranial computed tomography (CCT) or magnetic resonance imaging (MRI) evidence of infarction. Exclusion criteria were transient ischemic attack (TIA), hemorrhagic stroke, history of malignant tumor, functional deficit prior to the index event and severe systemic inflammatory disease 17) with a serum C-reactive protein level 50 mg/L and/or need for intravenous antibiotic treatment.
Stroke severity on admission was assessed by the National Institute of Health Stroke Scale Score (NIHSS). NIHSS 0-1 was considered as mild stroke, 2-8 as moderate stroke and ≥ 9 as severe stroke 18) . The primary outcome was assessed by the modified Rankin scale (mRS) at 90 days after stroke. mRS 0-1 at 90 days after stroke was considered a favorable outcome, and mRS 2-6 an unfavorable outcome.
Clinical data recorded from all patients included demographic characteristics, baseline stroke severity (NIHSS on admission), stroke etiology classified according to TOAST criteria 19) , stroke risk factors, such as hypertension, diabetes mellitus, hyperlipidemia and smoking status, and creatinine on admission. Nine patients had a history of stroke. In each case, the event had occurred at least 3 months previously. Two of these patients had residual symptoms without functional disability; one had unilateral sensory disturbance of the upper extremities, and the other had slight unilateral facial paresis.
Between April 2010 and July 2010, 32 healthy volunteers without malignant tumor and without an event of stroke or myocardial infarction at least during the previous two years provided blood samples for comparison with the patient data. Most were relatives of stroke patients.
The study was approved by our local ethics committee, and patients and volunteers gave informed consent.
Blood Collection
Serum and plasma samples were drawn from the patients 6h, 12h, 24h, 3d and 7d after stroke onset and stored at 80 until analysis.
In 34 patients, blood was collected within six hours after stroke onset ("2-6-hour samples"). Five patients were lost to follow-up over the first week, leading to 64 blood samples at 3 days and 62 samples at 7 days. In 55 patients, blood samples were also collected 90 days after stroke.
Measurement of ADMA, SDMA, L-arginine and Other Markers
Plasma ADMA, SDMA and L-arginine levels were assessed using high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS-MS) 20) . The intra-day precision was 4.6% for ADMA, 6.1% for SDMA, and 4.3% for L-arginine. The interday precision was 4.6% for ADMA, 5.2% for SDMA, and 4.5% for L-arginine. The intra-day precision data were generated by measuring plasma quality control samples in one batch (n 10), whereas the inter-day precision data were derived from measurements of plasma quality control samples taken on different days (n 6). Creatinine and hsCRP were measured using certified laboratory tests in the Department of Clinical Chemistry at Hannover Medical School, Germany.
Statistical Analyses
Statistical analysis was performed with the SPSS software package version 11.5. Data are presented as a portion for categorical variables and as the median with interquartile range for continuous variables. The data were tested for statistically significant differences between groups by one-way ANOVA for continuous data and Pearson's Chi-square test or Fisher's exact test for categorical data. Differences between patient levels of ADMA, SDMA and L-arginine and levels in the control group were calculated by Student's t test. Within-group comparisons of the biomarkers at different time points were analyzed by repeated measures ANOVA.
Cut-off points of dimethylarginines and L-arginine were determined using the receiver operating characteristics (ROC) curve and Youden index.
The influence of ADMA, SDMA and L-arginine levels on functional outcome was assessed using binary logistic regression after adjusting for main baseline variables related to outcome in univariate analyses (enter approach and probability of entry p 0.05). Results are presented as adjusted odds ratios (OR) with the corresponding 95% confidence intervals (95% CI). A p value 0.05 was considered significant.
Results
Baseline clinical characteristics, vascular risk factors, stroke type, stroke severity and renal function at baseline are shown in Table 1 .
Dimethylarginine Time Courses After Acute Ischemic Stroke
The dimethylarginine levels in the control group were 0.447 (range: 0.349-0.606) mol/L for ADMA, 0.546 (range: 0.473-0.630) mol/L for SDMA, and 74.7 (range: 40.7-104.4) mol/L for L-arginine. ADMA levels were significantly higher in the stroke patient group at any time point compared to controls while SDMA and L-arginine were not ( Table 2) . ADMA (p 0.008, F 3.858) and SDMA (p 0.008, F 3.868) levels increased significantly during the first 3 days after stroke onset, while L-arginine levels (p 0.247, F 1.400) tended to decrease (Fig. 1) .
Forty-one of the 67 patients had a favorable outcome 90 days after stroke, but 26 patients had an unfavorable outcome. In patients with a favorable outcome, ADMA increased during the first 12 hours after stroke onset and then remained stable until day 3 before it decreased again. In patients with an unfavorable outcome, the ADMA level increased until day 3, remained at that level until day 7 and had decreased again 90 days after stroke. At day 3 (p 0.025) and day 7 (p 0.001), ADMA levels were significantly higher in patients with an unfavorable outcome than in those with a favorable outcome ( Fig. 2A) .
SDMA levels remained unchanged in patients with a favorable outcome while they continuously increased over the first 24 hours after stroke onset in those with unfavorable outcome and then decreased again. The SDMA level in patients with an unfavorable outcome was significantly higher at 12 hours (p 0.003), 24 hours (p 0.001) and 3 days (p 0.023) compared to those with a favorable outcome (Fig. 2B) .
L-arginine levels did not significantly differ between the two groups (p 0.05) (Fig. 2C) .
Association of ADMA and SDMA with Neurological Outcome in Stroke Patients
ROC analysis was performed for ADMA 3d and 7d and SDMA 12h, 24h and 3d after stroke onset (Fig. 3) . A possible cut-off point for the discrimina- tion of dichotomized neurological outcome (favorable outcome: mRS 0 or 1 vs. nonfavorable outcome: mRS 2-6) for ADMA at 3d after stroke was calculated as 0.566 mol/L, and at 7d as 0.530 mol/L. For SDMA, the cut-off points were 0.519 mol/L at 12h and 0.591 mol/L at 24h. We categorized ADMA 3d and 7d, SDMA 12h and 24h into two levels according to the cut-off points determined above. Univariate analysis found that ADMA 3d ≥ 0.566 mol/L, ADMA 7d ≥ 0.530 mol/L, SDMA 12h ≥ 0.519 mol/L and SDMA 24h ≥ 0.591 mol/L predicted an unfavorable outcome on 90d after stroke onset. Higher ADMA levels at 3d and 7d and SDMA levels at 24h were independent markers of an unfavorable outcome in multivariate analysis considering all parameters, which were significant in univariate analysis as well as gender and stroke severity on admission (Model 1). The results did not change when age, hypertension and eGFR (estimated glomerular filtration rate) were also considered (Model 2) ( Table 3) .
Discussion
To the best of our knowledge, this is the first study to investigate the time course of plasma dimethyl-arginines and L-arginine after acute ischemic stroke as well as their relation to the clinical outcome at 90 days.
The pertinent findings of our study are: 1) Plasma ADMA levels increased in the hyperacute phase of ischemic stroke irrespective of stroke outcome, SDMA levels increased in patients with an unfavorable outcome, exclusively, while L-arginine levels did not change; 2) the time profile of ADMA and SDMA alterations was related to stroke outcome; 3) high ADMA and SDMA predicted an unfavorable outcome.
High ADMA in Hyperacute Ischemic Stroke
ADMA and SDMA originate from the degradation of methylated proteins, which are catalyzed by protein arginine methyltransferases (PRMTs). After proteolysis of the methylated protein, ADMA and A B C SDMA are released. More than 90% of ADMA is metabolized through DDAHs (dimethylaminohydrolases) while, in contrast, SDMA is completely excreted by the kidney 21) . Acute ischemic stroke induces oxidative stress in the region of the lesion, which causes an increase in the expression of PRMTs and decreased enzymatic activity of DDAHs 9, 21) . Both mechanismsone by increased production, the other by decreased metabolization-may be responsible for the elevation of ADMA and SDMA.
Aside from ADMA, SDMA production/release should also be increased in stroke patients, but SDMA increases may be concealed and SDMA concentrations could have remained quite stable after stroke, at least in patients without severe renal dysfunction due to renal excretion.
Dimethylarginine Levels and Stroke Outcome
In this study, stroke outcome was worse in patients with increased ADMA levels than in those with stable ADMA levels. The mechanism behind this is not clear, but it can be hypothesized that increased ADMA levels impair the activity of endothelial NO synthase (eNOS) and thereby inhibit the production of endothelial NO and cerebral perfusion. This hypothesis is supported by several in vitro and animal studies showing that ADMA increases vascular tone in cerebral blood vessels 22, 23) . Moreover, ADMA infusion in healthy volunteers reduced cerebral perfusion significantly 24) . Furthermore, there is an association of ADMA levels in the CSF and cerebral vasospasm in a primate model of subarachnoid hemorrhage 25) . Accordingly, ADMA may impair perfusion in the penumbra and might therefore be pathophysiologically relevant. The role of SDMA is less clear than that of ADMA. SDMA has been shown to be a good marker of renal function with high temporal resolution to identify changes in renal function 26) , so the increase in SDMA might be a reflection of (minor) changes in renal function that were not detected by creatinine measurements. This seems possible as even small changes in renal function have been shown to be related to adverse outcomes in neurological ermergencies 27) as well as long-term outcome after acute stroke 28) . Aside from being a marker of renal dysfunction, SDMA interferes with the uptake of L-arginine and may thereby (indirectly) inhibit NO production 29, 30) . Brouns et al. reported that higher SDMA levels in the CSF were correlated with a poor outcome at 3 months after stroke onset 16) , but after multivariate analysis this correlation remained only weak 16) . Recently, Schulze et al. reported that SDMA predicted all-cause mortality in stroke patients during 7.4 years of follow-up even after adjustment for renal function 15) . In this study SDMA has also been shown for the first time to affect cerebrovascular mortality. Experimental data suggest that SDMA triggers vascular pathology by modulating store-operated calcium channels in monocytes 31) . It might also be important in modulating the function of monocytes recruited to the site of the ischemic lesion after stroke onset 32) . SDMA may enhance reactive oxygen species (ROS) production in those monocytes 31) , thereby causing blood brain barrier damage and neuronal cell death 32) . Furthermore, inhibited L-arginine uptake by SDMA may induce L-arginine deficiency in neuronal cells. In consequence, neuronal NOS produces huge amounts of superoxide instead of NO 33) , which leads to lipid, protein and DNA damage 34) in the cells and contributes to a poor outcome after stroke.
Despite being the first prospective clinical study in the field, our study has some limitations. Firstly, the number of patients included is rather small considering the multifactorial pathology of ischemic stroke, but we were able to collect serial blood samples from all of our patients, which had never been achieved. Secondly, patients with mild stroke predominated in the present study (NIHSS range 0 to 25, median 4), although the neurological examination was augmented by brain imaging in all of our patients. Thirdly, at the time of blood withdrawal, ischemic stroke patients were not in a fasting state since this conflicted with the strict time course of blood sampling, particularly during the first day. Lastly, the very nature of our work does not allow the elucidation of pathophysiological concepts, i.e. clarify whether elevated ADMA and SDMA just indicate or actually cause an adverse clinical outcome.
In conclusion, our study is hypothesis generating in nature and suggests that both an increase of ADMA known as a marker of cardiovascular risk and atherosclerosis and an increase of SDMA plasma levels after acute ischemic stroke predict poor functional outcome at 90 days after stroke onset. Based on our findings, we believe that the prognostic value and pathophysiological role of ADMA and SDMA in this setting deserve further investigation in larger patient populations.
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